Figures 1-3 show titration results. Samples with pH < 4.5 gave consistent results for all titration methods, causing no problem in the interpretation of the acidity in such samples. In synthetic samples containing alkalinity, standard methods for alkalinity returned the same values as calculated alkalinity before metal oxidation and hydrolysis are allowed. Following metal oxidation and hydrolysis, calculated alkalinity can be negative, but measured alkalinity is constrained be greater than or equal to zero. 
METHODS
• Nature of samples
• 10 Synthetic AMD samples ± Fe, ± Al, ± Mn
• pH ˜ 3, oxic
• pH ˜ 6.3, anoxic
• pH ˜ 7, anoxic • pH 5 & 6, anoxic with CO 2
• 5 Field AMD samples • pH ˜ 3, oxic
• pH ˜ 4.5-6, anoxic with CO 2
• pH ˜ 7, anoxic with CO 2 1078 METHODS, cont.
• • The geochemical computer code PHREEQC (Parkhurst, 1995) was used to model selected synthetic mine waters which were initially anoxic and contained alkalinity. Charge balance was maintained by adjusting SO 4 2-concentrations.
• The first step in modeling was to calculate equilibrium concentrations for the anoxic, CO 2 -free solution based on measured metal concentrations (all iron and manganese were assumed to be Fe(II) and Mn(II), respectively) and pH.
• For sample SYN7, the P CO2 was estimated by running the model iteratively until the measured pH was reproduced.
• In step 2 or 3, the addition of H 2 O 2 was modeled by allowing the solution to equilibrate with atmospheric O 2 . In steps 3 or 4, the solution was allowed to equilibrate with respect to amorphous Fe(OH) 3 or crystalline MnO 2 solids.
• Comparison of alkalinity methods to PHREEQC simulations -print out for better viewing Table 5 shows results of PHREEQC simulations carried out for three synthetic samples and compares the simulation results to measured alkalinity and pH. These examples serve to illustrate the expected changes in solution composition prior to titration, i.e., upon CO 2 degassing, oxidation (saturation with O 2 ), metal hydrolysis, and precipitation of iron or manganese (solution is allowed to reach saturation with amorphous Fe(OH) 3 or pyrolusite, MnO 2 ). These calculations do not include simulated addition of NaOH to the solutions. SYN 3 contained iron as the only metal, and it had low alkalinity. SYN 5 contained iron and manganese and had significant alkalinity. SYN7 contained iron, had significant alkalinity, and also had CO 2 introduced in stage 2. The measured pH values for stages 1 or 2 were recorded before titrations began. The measured pH values for stages 3 or 4 were recorded after addition of H 2 O 2 and metal oxidation/precipitation, but before any addition of NaOH.
In a physical experiment, oxidation will unavoidably be accompanied by precipitation. The simulation results in Table 5 Table 5 as follows. The first alkalinity value, calculated by PHREEQC, assigns negative values to H + , HSO 4 -, and some metal species; these assignments are based on reference conditions for pH 4.5 (Parkhurst, 1995) . For example, Fe 3+ is assigned an alkalinity of -1 eq kg -1 , whereas Fe 2+ is assigned an alkalinity of zero. The second value is calculated based on the PHREEQC speciation, but does not assign alkalinities to metal species. In contrast to the measured values, negative values for alkalinity can and do result from the simulations because both calculations include negative terms. For example, when H + exceeds HCO 3 -and other positive terms, the calculated alkalinity is negative.
Both of the calculated acidities are based upon the PHREEQC speciation, and both include negative contributions for species such as OH -, HCO 3 -, and their complexes. The first calculated acidity includes a positive contribution of CO 2 (1 eq kg -1 ) to acidity; the second calculated acidity ignores acidity due to CO 2 . Note the significant discrepancies between measured and calculated alkalinities and between measured and calculated acidities. The consumption of HCO 3 -by acidity occurs before titrants are added.
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The measured and calculated pH values for SYN3 and SYN 7 correspond well. The measured pH values for SYN5 were higher than calculated values; the simulation overestimates the pH decrease due to metal precipitation for this sample. The main point of this exercise is to model the decrease in acidity upon oxidation and metal hydrolysis/precipitation in samples that contain alkalinity, even before the addition of base in a titration begins. Both measured (H 2 O 2 ) and calculated alkalinities decrease during these processes in an acidity titration, but the standard methods for measuring alkalinity do not allow metal oxidation/hydrolysis. Therefore, standard method alkalinity titrations reflect the total amount of positive alkalinity in a sample, but standard method acidity titrations underestimate the positive acidity due to metals in samples which contain alkalinity. Alternatively, one could argue that the Standard Method acidity titration returns a value consistent with theoretical definitions of acidity that include both positive and negative contributions to acidity and allow for negative acidity values.
The effect of CO 2 ingassing/degassing can be seen in the SYN5 and SYN7 results in Table 5 . SYN7 is initially pH 6.8 before CO 2 addition, and the pH drops to 6.1 following CO 2 addition. Alkalinity is unaffected. The calculated acidity including CO 2 increases primarily due to the increasing H 2 CO 3 * and H + concentration as pH drops. In contrast, the calculated acidity excluding CO 2 decreases to negative values. The Standard Method acidity titration for SYN7 drives off CO 2 , so this acidity is negative, whereas the H 2 O 2 titration, which retains CO 2 , remains positive and increases. The H 2 O 2 acidity titration retains CO 2 , so this acidity is positive. A similar pattern is observed in the SYN5 results. 
Buffer capacity
The buffer capacity is a measure of the resistance of a water or a water-rock system to changes in pH. To illustrate the impact of various aqueous species, buffer capacities (β) for H 2 O, and CO 2 were calculated exactly as in Langmuir (1997) , and β Fe(III) and β Al(III) were calculated after Langmuir using the equation
where K's are the first three stepwise association constants and [Me] is the total dissolved Fe(III) or Al(III) concentration. Because the association constants for AlOH 2+ and Al(OH) 2 + are similar in value, this approximation introduces some error into the calculation. However, the calculated buffer capacities serve to illustrate the general ability of a water to resist changes in pH due to acid or base addition. Changing CO 2 or metal concentrations would also change the buffer capacities. Figure 9 shows the individual and total buffer capacities due to water alone, water containing 10 -3 mol L -1 CO 2 , and water with 25 mg L -1 Fe and Al. Below pH 4, most of the total buffer capacity is due to water alone. Above pH to 4 to the pH 8.3 titration endpoint, the total buffer capacity is due to a combination of CO 2 and metals. Two of the main goals for mine drainage treatment are to remove metals and leave some alkalinity in the effluent water. The buffer capacity of such an effluent that has reached equilibrium with the atmosphere would be governed by the shaded H 2 O-CO 2 curve in Figure 9 . Ideally the solution would have a pH = 6.3 because the CO 2 maximum occurs at pK 1 = 6.3, giving the solution considerable resistance to a decrease in pH due to further acid addition. Metals alter the buffer capacity of a water.
A successfully treated water should have circumneutral pH and be buffered to pH near 6.3 by atmospheric CO 2 (green curve)
Recommendations Standard Method acidity is consistent with theoretical acidities at pH values < 4.5 (Hedin et al. 1994) . Such low pH samples will always have alkalinity measured equal to zero, and net alkalinities will thus be equal to the negative of the Standard Method acidity. These samples cause no problems in the interpretation of how much alkaline addition is required for treatment.
Using the standard method acidity titration, HCO 3 -is allowed to react with H + from metal hydrolysis in higher pH samples which contain alkalinity, but the standard method alkalinity titration does not allow these reactions. A falsely positive value for net alkalinity calculated as alkalinity measured -acidity measured will result in the incorrect conclusion that a water is net alkaline and can "treat itself" with no alkaline addition, given aeration and adequate retention time in a pond or wetland. For example, the Site 20 sample in this study (Tables 2 and 4 ) has a Standard Method alkalinity of 37 mg L -1 as CaCO 3 and a Standard Method acidity of 30 mg L -1 , giving a net alkalinity of +7 mg L -1 . However, following oxidation, precipitation of metals, and CO 2 degassing during storage, this water has a pH of 5.0, and iron oxidation at this pH would be very slow (Kirby et al., 1999) . Calculation of net alkalinity as (alkalinity measured -acidity calculated, Hedin et al. 1994) gives a net alkalinity of -14 mg L -1 , suggesting that this water indeed requires alkaline addition for successful treatment.
The goals for mine water treatment include the removal of metals and the establishment of circumneutral pH and sufficient alkalinity to buffer pH against significant decreases. Citizens' watershed groups and regulatory agency personnel often face steep learning curves in their efforts to achieve inexpensive passive treatment for abandoned mine drainage. Although the hydrogen ion conservation approach (Morel and Hering, 1993, Stumm and Morgan, 1996; Johnson and Sigg, 1983) described above is the most rigorous approach, the calculation of net alkalinity as (alkalinity measured -acidity calculated, ) is much more easily applied and requires less geochemical background knowledge. In addition, this paper has demonstrated that this simpler approach is a significant improvement over the use of alkalinity measured -acidity measured . Although many monitoring schemes only collect data for total or dissolved iron, this approach does require the speciation of iron into Fe(II) and Fe(III) species. Care must be taken to ensure that water samples for Fe(II) are either analyzed very quickly or preserved (0.02 µm filters, HCl) such that Fe(II) does not oxidize before analysis. For samples with pH values greater than approximately 5, it is possible to use dissolved iron as a reasonable proxy for dissolved Fe(II) concentrations in the absence of data for Fe(II).
